Metabolomics is the study of endogenous and exogenous metabolites in biological systems, which aims to provide comparative semi-quantitative information about all metabolites in the system. Metabolomics is an emerging and potentially powerful tool in ophthalmology research. It is therefore important for health professionals and researchers involved in the speciality to understand the basic principles of metabolomics experiments. This article provides an overview of the experimental workflow and examples of its use in ophthalmology research from the study of disease metabolism and pathogenesis to identification of biomarkers.
Introduction
Recent genetic studies have made major contributions to understanding disease processes. However, biological processes operate through complex interactions between genes, RNA, proteins, and metabolites-the composite of this complex interaction network is defined as the interactome. 1 Furthermore, environmental factors modify the interactome and consequently disease processes ( Figure 1 ). These complex interactions define the phenotype of a disease. Hence, genetic research provides only part of the picture and ultimately understanding the interactome in disease pathogenesis provides the optimal route to developing new treatments and monitoring their effects. The desire to understand the interactome in disease processes has driven the development of new research methods. One important example is metabolomics, which is the study of endogenous and exogenous metabolites in biological systems. It aims to provide semi-quantitative information on metabolite abundances in a biological system.
Metabolomics provides a sensitive measure of the phenotype of a biological system; genes determine what may happen and metabolites define what has happened. 2 Metabolomics is used as a complementary approach to genomics, transcriptomics, and proteomics, and is the most recently developed technique; the first manuscript using the word metabolome was published in 1998. 3 As the metabolome (defined as the complete set of metabolites found in a biological sample) is the end product of gene expression, it is thought to be a more sensitive method to measure the biological phenotype. 4 Changes in the metabolome can occur rapidly in the timescale of seconds or minutes, hence it accurately reflects the state of disease at a given time point. 5 Metabolomics has, in the past 10 years, become an increasingly attractive experimental method for studying disease pathogenesis, although it is still a relatively new method compared to its other -omic siblings. This review aims to provide a general overview of the metabolomics experimental workflow, and to equip readers with the basic knowledge required to understand and interpret results from metabolomics experiments. It will then provide examples of the use of metabolomics in eye research to date.
Experimental workflow
The typical workflow in metabolomic experiments has been described previously. 1, 6 The following paragraphs describe the basic steps involved in standard metabolomics experiments:
Study strategies
In general, two types of experimental workflow can be applied: untargeted studies and targeted studies.
Untargeted studies, or metabolic profiling, are used to generate a hypotheses or when only a general hypothesis is available (ie, there are metabolic differences between cases and controls, but the specific differences are unknown). 7 The experiment is designed to detect as many metabolites as possible, thereby attempting to span the entire metabolic network. Large-scale studies are usually required when metabolic profiling is applied clinically. Some authors recommend a three stage process for such studies; (a) discovery study, where numbers of subjects may be from 20 to 100 in each class sampled from two independent populations and this acts as a pilot study to identify specific groups of metabolites; (b) study validation, the study is repeated to validate previous findings from discovery study; and (c) cohort validation, where larger sample numbers in the region of 1000s are employed. 1 Targeted studies, on the other hand, focus on a small number of specific metabolites (typically fewer than 20, although broader targeted studies covering 100 or more metabolites are becoming more common) often in a similar metabolite class, having similar functions or involved in the same pathway. The method is hypothesis testing 7 where metabolites of biological interest are already known. It provides high specificity, precision and accuracy. Targeted studies may be performed after metabolic profiling for result validation.
Design of metabolomics experiments
The two basic experimental designs used in metabolomics are (a) highly controlled laboratory studies in animal models or in vitro tissue culture and (b) clinical epidemiological studies to investigate pathogenesis of diseases, biomarkers, drug efficacy, and toxicity.
Laboratory studies tend to be small, as experimental, environmental, and genetic conditions can be highly controlled, allowing suitable statistical power to be achieved with a relatively low sample number. In clinical epidemiological studies, the metabolic status in the human population is highly diverse and can be affected by various factors such as diet, lifestyle, gender, medications, and age. Medium-to-large scaled studies are therefore required to detect differences within cohorts, and to reduce bias and false discovery rates. One strategy for decreasing the number of subjects is to use a longitudinal study design, where multiple time points are collected on individual subjects, and where possible, controlling the environment of the subjects. 8 
Sample collection and preparation
Turnover of metabolites over time (metabolic flux) can occur in seconds to minutes, unlike changes in levels of proteins and transcripts, which typically occur over minutes or hours. 1 Therefore, sample collection and preparation are one of the most crucial steps in metabolomics experiments, as suboptimal handling can significantly reduce the accuracy and precision of the results.
Samples for analysis can be in the form of blood, serum, plasma, urine, cerebrospinal fluid (CSF), solid tissues, and cells. In the eye, commonly used tissues or fluids are cornea, lens, retina, vitreous, and aqueous. Typically, 430 mg wet tissue is recommended for untargeted studies and this can be challenging particularly in small animal models. Different sample types require different collection processes and preparation although the principles remain similar. The aims of this stage are to quench metabolic activity in the samples and then to Figure 1 The interactome: the interaction between the genome, transcriptome, proteome, and metabolome with the environment in a biological system. isolate or extract the metabolites in an appropriate solvent for the analytical instrument. Quenching is performed to stop or slow down the metabolic activities so that metabolic flux is minimised or eliminated from the sample as soon as possible after collection. It can be performed by reducing the temperature to sub-zero immediately after collection and storing it at − 80°C until the sample is ready for further processing. 9 Other methods used in quenching include increasing the temperature of the sample or introducing organic solvents with the aim of denaturing enzymes required for metabolism. 1 The biological samples obtained are highly complex and requires 'extraction' to separate the metabolites of interest from a complex sample of matrix, which may include proteins, carbohydrates, DNA, and inorganic salts. Different extraction techniques are available and the process is dependent on the type of sample, experimental strategy (targeted vs metabolic profiling), and analytical instrument to be used. In general, targeted studies use specific analytical methods optimised for the metabolites of interest. By contrast, metabolic profiling is designed to detect a broad range of metabolites with different physicochemical properties in one sample and a standard analytical method, believed to provide the greatest metabolome coverage, is applied. Further details of extraction techniques are provided in a review by Dunn et al. 1 Alternatively, intact tissue samples can be examined by MAS (magic angle spinning) nuclear magnetic resonance (NMR) spectroscopy (see below) avoiding possible negative effects of extraction on the composition of the samples.
Analytical instruments
The rapid development of metabolomics in recent times is mainly attributed to the advances in the instrumentation used to detect metabolites. One of the advantages of metabolomic experiments over, for example, proteomics is that higher sample throughput is possible. Depending on the type of sample, the analytical throughput can be tens of samples a day. 2 Automation of sample preparation and loading also means that the instruments can operate for 24 h a day. Traditionally, the study of metabolism focused on single or specific metabolic pathways. However, with advances in instrument sensitivity, development in mathematical data transformation and powerful statistical methods, large numbers of endogenous metabolites can now be analysed in a single sample. 8 The two most frequently used analytical techniques are (a) mass spectrometry (MS); and (b) NMR spectroscopy.
Mass spectrometry MS is an analytical technique that measures the mass of a molecule by measuring the massto-charge ratio (m/z) of its ions. Mass spectrometers operate in positive and negative ion modes (either as separate experiments or by polarity switching during analyses) and detect species that can be ionised by the addition or removal of a proton, or by the addition of another ionic species. The ion signal is processed into mass spectra, and the detected peaks can provide molecular weight and in some cases structural information. 1 Separation techniques are often used before the compounds are introduced into the mass spectrometer to enhance sensitivity and aid the identification of metabolites; examples include gas chromatography mass spectrometry (GC-MS), liquid chromatography mass spectrometry (LC-MS), and capillary electrophoresis mass spectrometry (CE-MS). 10 Each type of chromatography exploits the physicochemical properties of the metabolites in order to produce a separation of the mixture; volatility (vapour pressure) is used in gas chromatography, polarity (hydrophilicity/hydrophobicity) in liquid chromatography, and a combination of polarisibility and molecular shape in capillary electrophoresis. Chromatography works on the principle that various constituents travel at different speeds under set conditions and each constituent has a characteristic retention time, that is, the time it takes to pass from the inlet to the detector of the chromatography system. Figure 2 shows an exemplar m/z 73 single ion chromatogram of a human brain extract following GC-MS. Although GC-MS is largely limited to analysing low-molecular weight metabolites, LC-MS and CE-MS allow higher molecular weight metabolites to be analysed. This has broadened the applicability of MS in metabolomics. Details of how the instruments work can be found in other review papers. [11] [12] [13] NMR spectroscopy NMR works on the basis that the magnetic properties of certain atomic nuclei can be used to determine the physical and chemical properties of atoms or molecules in which they are contained. The principle of NMR is that magnetic nuclei in a magnetic field absorb and re-emit electromagnetic radiation at a specific resonance frequency depending on the strength of the magnetic field and the magnetic properties of the isotope of the atom. 1 Examples of commonly studied isotopes in NMR spectroscopy include 1 H, carbon 13 ( 13 C), 19 F, and phosphorus 31 ( 31 P). Fluid samples such as urine, serum, plasma, CSF, and so on, require minimal preparation for NMR-based experiments compared with MS experiments. High-resolution MAS NMR can also be used to analyse intact tissue samples in solid state. 14, 15 By spinning a sample at high frequency at the magic angle (θ m = 54.74°) with respect to the direction of the magnetic field, the normally broad spectrum becomes narrower, improving the resolution and hence analysis of the spectrum. 16 Recently, Kryczka et al 17 applied MAS NMR to analyse human eye tissues for the first time and a total of 29 metabolites were identified from the cornea, iris, ciliary body, lens, and retina. The biochemical contents of the tissues were found to correspond to the biological functions.
Both MS and NMR can be used for targeted and untargeted metabolomics and are often complementary techniques. MS provides information on the molecular formula of a molecule, whereas NMR can differentiate between structural isomers. Compared with MS, NMR spectroscopy has the advantage of being highly quantitative, reproducible, and non-destructive to tissue samples, hence allowing samples to be analysed several times, but it is less sensitive than MS and generally requires larger sample volumes for analysis. On the other hand, MS is very sensitive and is able to detect a wide range of metabolites, hence it is usually the analytical instrument of choice in targeted studies in clinical chemistry laboratories. 2 However, the extraction processes required prior to analysis can be relatively complex and time-consuming. 18 
Data analysis
One of the major challenges in metabolomics is the complexity and large volume of biochemical information obtained from either MS or NMR spectroscopy. Advances in statistical methods and modelling allow the rationalisation of the vast amount of data that can be generated so that important information can be extracted.
The raw data acquired from analytical instruments first needs to be converted into computer-readable formats compatible with relevant software packages. During the analysis of MS data, it undergoes a pre-processing step to provide alignment between samples and this usually converts continuous data to segmented data. In a chromatography-MS experiment, a 3D matrix of retention time vs mass vs intensity is converted to a 2D matrix of chromatographic peaks and peak areas or heights. This process is called 'deconvolution' and provides alignment of retention time and accurate mass. 1 After the pre-processing step, the data are considered 'clean'. The next stage is normalisation of the data to remove concentration difference (so that high-and low-abundance features are given equal weighting in subsequent statistical analysis), scaling, outlier removal, and imputation of missing values. 1 Univariate and multivariate statistical techniques can then be used to interpret the data. The most common goal of metabolomics experiments is to identify differences between experimental groups. With hundreds or thousands of metabolites in each class, it is impractical to visualise changes between groups by analysing metabolites individually; therefore, techniques are used to allow visualisation of global changes in the metabolome. One of the most widely applied methods is Principal Components Analysis (PCA). 19 PCA allows data to be simplified without losing its main features. It provides at a glance information on multivariate variation among sample classes and it is usually performed at the initial stages of data analysis. PCA works by reducing the dimensionality of the data set, while retaining characteristics contributing most to the variance. If the PCA plot shows separation between the study group and the controls, and the quality control samples are tightly grouped compared with the other classes in the experiment, the biological difference between the classes is significant compared with differences due to technical variation during analysis. Figure 3 shows an exemplar PCA. More details on PCA can be found in other reviews. 1, 20 Isolated metabolite markers can be analysed using univariate statistical tests such as the parametric Student's t-test, ANOVA, non-parametric Wilcoxon signed-rank test and Kruskal-Wallis test. 1 A P-value of o0.05 is often used as the cutoff for statistical significance in biomedicine, but this is not suitable for metabolomics experiments where multiple tests are done simultaneously. More stringent univariate analyses (e.g., false discovery rate calculations or Bonferroni correction) are appropriate to provide validity to the analysis. 8 
Metabolite identification
The last step in the process is to assign a metabolite identity to the specific peaks generated from either MS or NMR. As discussed previously data sets generated from metabolic profiling experiments can be very large and the identification of metabolites on a large scale remains a bottleneck in metabolomics. 21 Advances in technology have driven the development of comprehensive databases to tackle this problem.
Two classifications of identification are recognised in metabolomics: (1) Putative identification, where one or two molecular properties are used for identification but an authentic chemical standard is not used; (2) Definitive identification, which is the more accurate form of identification, employs at least two properties (typically the retention time and accurate mass and/or fragmentation mass spectrum and/or NMR spectrum) and compares these properties with an authentic chemical standard analysed under identical analytical conditions. Typically following putative identification, definitive identification is performed on selected metabolites using the relevant authentic standards. 1 There are currently a number of different databases that are used in metabolomics. Some are mass-spectral-based databases for metabolite identification. There are also chemical structure databases, which can be searched by molecular mass. 22 Different analytical instruments employ different databases although some of them overlap. Typically, spectra generated from the instruments are compared with reference compounds in a database and identities assigned. 21 Although the metabolome databases are expanding every year, there are still significant numbers of unidentified metabolites in biological systems. Initiatives have been made towards creating a central reporting database to allow sharing of methodologies and results between laboratories. 23, 24 A detailed review of the database resources in metabolomics has recently been published. 21 
Applications in ophthalmology
The eye is believed to have its own distinct metabolome due to the blood-aqueous and blood-retinal barriers. The metabolome of aqueous and vitreous humour may be to a considerable extent represent local metabolism, with the systemic environment having a relatively minor effect. This theoretically makes eye an excellent organ for metabolomics experiments, although at present not much is known about the extent of inter-individual variations within the ocular environment. The following paragraphs describe how metabolomics has been used in ophthalmology for the characterisation of healthy biofluids, the study of tissue metabolism, the understanding of disease mechanisms, and the development of new therapies for ocular disease.
Characterisation of healthy biofluids, cells, or tissues metabolome
One application of metabolomics is to identify biomarkers or risk factors associated with diseases. The biomarkers can be clinically useful as diagnostic, screening, or prognostic tools. However, before disease biomarkers can be identified, studies to characterise the 'normal' metabolome are required and normal intra-and inter-individual variability needs to be determined. 1 H-NMR has been used in a number of ocular studies. In one study of the cornea, 20-30 metabolites were detected and the presence of hypotaurine (precursor of taurine) and choline (precursor of acetylcholine) were established for the first time. 25 Rabbit lens 26 and animal vitreous 27 have also been analysed using this technique.
LC-MS has the advantage of being more sensitive than 1 H-NMR spectroscopy and is therefore able to identify higher number of metabolites in a given sample. Chen et al 28 employed LC-MS in the characterisation of the human tear metabolome. Tears were collected from five healthy individuals using Schirmer strips and metabolites were extracted from these using a methanol/water solvent. Following LC-MS, 60 metabolites were detected, 44 of which had not previously been identified in tears. This analytical method may have utility in phenotyping ocular surface disease, as the tear composition may be reflective of ocular surface health. 29 Different animal models are frequently used to investigate ocular tissue physiology and pathophysiology. The results from studies using different species are often extrapolated and used interchangeably with the assumption that they are biochemically comparable. However, Mains et al 30 employed LC-MS to show that there were significant interspecies metabolic variations in the vitreous from healthy eyes highlighting that data derived from different animal models should be interpreted with care. The main metabolic differences between the species (sheep, pigs, and rabbits) suggested that there were differences in enzymatic activity across species and that diet may have a role in determining the metabolome of the vitreous.
Study of tissue metabolism
The study of metabolism is pertinent to the understanding of normal tissue function. NMR spectroscopy has been employed to study tissue metabolism since the early 1980s. Most studies were targeted studies looking at small groups of metabolites. Various types of NMR spectroscopy can be used to study different metabolic pathways. 31 P NMR spectroscopy has been used to investigate high-energy phosphate metabolites in extracts from the cornea and lens. The method was employed by Greiner et al 31 to compare the metabolic status of fresh vs eye bank-stored cat corneas. It was found that the calculated corneal tissue-energy index (derived from the ratio of high-energy phosphate metabolites to low-energy phosphate metabolites) was significantly decreased in the eye bank-stored corneas, suggesting a reduced ability of these corneas to produce high-energy phosphate compounds crucial for cellular function, such as ATP. Lass et al 32 went on to follow ATP changes in corneas stored in different media and investigated corneal metabolic status at given storage times. Using 31 P NMR spectroscopy, metabolic activity in the peripheral corneal epithelium was demonstrated to be higher than in the central area. 33 This method had also been used to study the change in metabolic status in tissue at different ages and it was found that phosphatic metabolites changed significantly with age in corneas, indicating an overall decline in high-energy metabolism with ageing. 34 13 C NMR spectroscopy was employed in studies to follow glucose and lactate formation in the rabbit 35 and human post-mortem cornea. 36 Deuterium (D or 2 H) NMR spectroscopy has also been used to monitor glucose metabolism in rabbit corneas. 37 Fris et al 38 used 1 H-NMR to investigate postnatal metabolic changes in rat lens and found a time-dependent increase in taurine, hypotaurine, and myo-inositol concentrations at the age of 30 days compared with birth, but a significant decrease in these energy metabolites and amino acids at the age of 60 days. Increased production of fructose and fructose-3-phophate was also demonstrated with age in rat lens. 39 A recent study by Tsentalovich et al 40 employing NMR and LC-MS showed a profound difference between the metabolome of normal and cataractous human lenses, where concentration of the most important metabolites such as anti-oxidants, UV filters, and osmolytes in the cataractous nucleus was 10-fold lower than that in the normal nucleus. As the majority of these metabolites are synthesised in the lens epithelial layer, this provides evidence that age-related dysfunction of the epithelial layer may be responsible for the development of cataract.
Study of disease pathology
One of the earlier applications of metabolomics in ophthalmic conditions was in the evaluation of the effect of radiation on the eye. Animal studies using 1 H-NMR demonstrated that UVB had a larger effect on the metabolic profile than UVA radiation. 41 Changes in metabolites including a decrease in ascorbate, tyrosine, taurine/ hypotaurine, choline, myo-inositol, and an increase in glucose in the anterior segment of the eye in response to UVB light were detected. 41, 42 These metabolites included anti-oxidants (taurine/ hypotaurine, 25, 38, 43, 44 ascorbate, 45 and alanine 46 ), a metabolite involved in growth and differentiation of lens epithelial cells (myo-inositol 47, 48 ) , and a metabolite involved in the maintenance of cell membrane integrity (choline 47, 49 ). Ascorbate is of particular importance in the cornea as it alone absorbs 77% of potentially damaging incident radiation at wavelengths 280-310 nm. 50 Treatment with dexamethasone resulted in a further depletion of corneal taurine and ascorbate and this could explain the accelerated process of cataract formation in patients on topical or systemic steroids. 51 The biochemistry of contact lens-cornea interaction was investigated using 31 P NMR spectroscopy in the early years of metabolomics. It was found that polymethylmethacrylate lenses could cause reversible changes such as activation of anaerobic glycolysis and disturbance of membrane metabolite levels, whereas oxygen-permeable silicone lenses allowed maintenance of nearly normal metabolic patterns. 52 Risa et al 53 investigated changes in water-soluble metabolites in alkali-burned rabbit eyes using highresolution 1 H-NMR. The authors found that lactate was significantly increased not only in the cornea, but also in the lens. Glucose concentration was also increased in the cornea probably due to an influx from the aqueous humour following injury. Changes in metabolites including succinate, creatine, scyllo-myo-inositol, citrate, and ascorbate were also observed in the aqueous humour. A decrease in ascorbate concentration in the aqueous humour after alkali burn had been reported in several studies and treatment with exogenous ascorbate had been shown in animal studies to reduce the amount of corneal damage 54, 55 potentially by improving wound healing due to promotion of the secretion of mature collagen by corneal fibroblasts. 56 These laboratory studies provided fundamental evidence of the benefit of vitamin C following chemical injury. Some clinicians now recommend high dose systemic vitamin C in the first few days following severe chemical injury.
A recent study by Karamichos et al 57 looked at tear metabolite change in keratoconic patients without correction vs keratoconic patients who wore rigid gas-permeable contact lenses vs healthy subjects, employing LC-MS. The study found that metabolites involved in the urea cycle, citric acid cycle, and oxidative stress were up regulated in keratoconic patients compared with healthy subjects. Using LC-MS to investigate an in vitro model of keratoconus, increased levels of metabolites associated with oxidative stress were also observed, including lactate. 29 Understanding the metabolic changes in keratoconus may help in the development of treatments for this condition.
Aqueous humour from a rat glaucoma model induced by intracameral sodium hyaluronate injection was analysed using NMR in a study by Mayodomo-Febrer et al. 58 The study showed a reduced glucose level in the glaucomatous eyes compared with healthy eyes. The authors speculated that increased intraocular pressure could lead to a reduced energy supply to the anterior chamber tissue (reflected by the reduced glucose level), which in turns alters the outflow facility in the trabecular meshwork. Glutamate, a major neurotransmitter amino acid present in the retina was also found to be higher in the glaucoma model in this study. The toxic potential of glutamate to retinal ganglion cell (RGC) is well documented. 59 Human 60 and animal studies 59,61 have both identified elevated glutamate level in the vitreous of eyes with glaucomatous RGC death.
Several studies have used metabolomic techniques to study diabetic retinopathy. Santiago et al 62 investigated metabolic changes in the retinas of streptozotocininduced diabetic rats using 1 H-NMR. The authors found that the levels of glucose were increased and lactate decreased in the diabetic rat retinas compared with age-matched controls. These findings were contrary to the general belief that an elevation of glucose concentration in the retina results in increased lactate concentration. Further data suggest that diabetes leads to decreased glycolysis in the retina.
Biomarkers and risk factors for disease
There have been studies aiming to identify clinically useful biomarkers. One of the most commonly used ocular tissues is vitreous due to its ease of access in human eyes during surgery and its anatomical proximity to the retina. Young et al 63 employed 1 H-NMR spectrometry to analyse a total of 42 vitreous samples obtained from patients undergoing pars plana vitrectomy for a variety of conditions including chronic non-infectious uveitis (CU), lens-induced uveitis (LIU), proliferative diabetic retinopathy (PDR), proliferative vitreoretinopathy (PVR), rhegmatogenous retinal detachment (RRD), candida endophthalmitis, and varicella zoster virus acute retinal necrosis. The authors undertook a PCA that showed clear separations between different clinical conditions and they were able to distinguish LIU from CU with a sensitivity of 78% and specificity of 85%. In particular, they found that metabolites involved in the arginase pathway were significantly more abundant in LIU than CU, which can be explained by the different chronicity of the two conditions. The study showed for the first time that metabolomic analysis of vitreous humour samples might differentiate types of vitreoretinal diseases based on the different mix of metabolites present. Therefore, metabolic profiling of vitreous samples could be used in the future to guide diagnosis, prognosis, and measure response to treatment in various vitreoretinal diseases.
Barba et al 64 applied 1 H-NMR spectroscopy to explore the metabolic profile of vitreous humour in PDR. Vitreous samples were obtained during vitrectomy from 22 patients with type 1 diabetes mellitus with PDR and 22 non-diabetic patients with macular hole (control group). Among the metabolites present at higher levels in PDR vitreous samples compared with controls were lactate and glucose. This contrasts with the findings of Santiago et al, 62 (see above) who demonstrated low lactate level in diabetic rat retina. These differences could reflect the different tissues that were analysed and/or leakage from the new vessels in PDR. Galactitol (a metabolite of galactose that is preferentially synthesised in the normoglycaemic state) and ascorbic acid (an anti-oxidant) were significantly lower in the samples from PDR patients compared with controls. PCA was able to clearly separate the samples into two classes. Li et al 65 employed GC-MS to analyse the serum metabolome of diabetic patients and found a clear separation into three groups when serum samples from patients with pre-clinical, non-proliferative, and PDR were compared.
Li et al 66 analysed the vitreous of patients with PVR and RRD using LC-MS. The authors identified markers associated with inflammation in the RRD cases and markers associated with proliferation in the PVR cases. Histidine metabolism and the citrate cycle were also found to be perturbed in both RRD and PVR.
Ugarte et al 67 observed multiple changes in the serum of streptozotocin-induced diabetic rats compared with non-diabetic controls including an elevation of 5-methoxytryptophan and a decrease in tryptophan serum concentrations in streptozotocin-induced diabetic rats. Similar changes have been found previously in the retina. 68 More recently, metabolomics has been used to investigate the metabolic profiles in the plasma of patients with anterior uveitis 69 and neovascular age-related macular degeneration (AMD) 70 compared with controls employing LC-MS. Both studies demonstrated a distinct metabolic profile in the disease group. Pushpoth et al 71 performed metabolomics analysis on the serum and urine samples of patients with atrophic vs neovascular AMD and found clear separation between the two groups with some clustering of the neovascular and atrophic AMD samples, suggesting systemic metabolic perturbation in AMD with differences and similarities between the two forms of late AMD. However, it is important to point out that the studies described above are at an exploratory stage and none have undergone the validation required to definitively identify disease biomarkers.
Agudo-Barriuso et al 72 studied changes in the rat retinal metabolome after optic nerve crush. A total of 27 metabolites were identified to discriminate between control retinas and 14 days post-optic nerve crush retinas, whereas 36 metabolites were identified to discriminate between retinas that were 24 h and 14 days post injury. They concluded that metabolic changes occur early in the retina following the crush injury and further changes occur later. These discriminating metabolites may be used as potential biomarkers for neuronal degeneration.
Drug discovery, treatment evaluation, side effects, and toxicity Metabolomics enables a rapid and comprehensive assessment of how complex biological environments respond to drugs. It can be used in drug development to, for example, investigate mechanism of action or toxicity. Some examples are discussed below.
Song et al 73 used 1 H-NMR to evaluate the ocular hypotensive effects of a new drug, glycyrrhizin, in rabbits with glaucoma induced by intravitreal triamcinolone acetonide. Glycyrrhizin has been used to treat liver cirrhosis and is known to inhibit the formation of cortisol. The authors found that the intraocular pressure was significantly lower in rabbits treated with glycyrrhizin either pre-or post-triamcinolone injection compared with the no treatment group. 1 H-NMR was subsequently used to study the effects of glucocorticoid and glycyrrhizin on ocular metabolism. It was found that triamcinolone affected carbohydrate metabolism via the tricarboxylic acid cycle, leading to a higher glucose level in the aqueous humour, and it was suggested that this could drive increased extracellular matrix deposition in the trabecular meshwork, causing increased resistance in aqueous outflow. However, glycyrrhizin partially inhibited the triamcinolone-induced effects on the tricarboxylic acid pathway. This study was limited by the number of rabbits used, but potentially sheds light on the pharmacodynamics of this potential new treatment and the mechanism of corticosteroid induced glaucoma.
Corneal collagen cross-linking is a relatively new treatment modality in corneal ectasias. Kryczka et al 74 examined the influence of cross-linking on the metabolic profile of porcine corneas using (MAS)-NMR. The study found that the levels of formate, glutathione, and leucine, which contribute to the anti-oxidant defence system in the cross-linked corneas were significantly lower than in the controls in the early post-treatment phase. There was no major change in the metabolic profiles of the cross-linked corneas otherwise, suggesting that cornea cross-linking is a safe procedure. The use of anti-oxidants such as vitamin C to modulate wound healing after cross-linking can be considered to protect endothelial cells against apoptosis, especially in thin corneas.
Conclusion
The improving experimental techniques and instrumentation in the field of metabolomics has provided better understanding of the metabolism of normal ocular tissues and disease processes. However, these experimental approaches are still at its infancy and we have yet to witness the laboratory findings from modern metabolomics studies being translated into clinical practice. Although the eye is theoretically a good organ for metabolomics experiments due to its unique metabolome, ocular tissues or fluid are not always easily obtainable. One of the biggest pitfalls in metabolomics experiments is the large data set generated from the experiments and making biological sense of the metabolites is not always possible. Nevertheless, it is still an emerging and potentially powerful tool in ophthalmology research. Unique biological markers that can be identified through this technique will not only be valuable in aiding diagnosis in the future but will also serve as predictors of disease progression and treatment outcome in many ocular conditions. Clinicians should be aware of the basic principles of the field and interpret the experimental results with caution unless they have been fully and robustly validated.
